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Local Ca21 Release from Internal Stores
Controls Exocytosis in Pituitary Gonadotrophs
F. W. Tse,* A. Tse,* B. Hille,† H. Horstmann,‡ the cell-averaged cytosolic [Ca21], [Ca21]i, to only a few
and W. Almers‡ micromolar, each triggers a burst of exocytosis. Indeed,
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Edmonton, Alberta T6G 2H7 ineffective in other excitable cells.
Canada Although rare in excitable cells, exocytosis at low cy-
†Department of Physiology and Biophysics tosolic [Ca21] is common in cells of the hematopoietic
University of Washington lineage, where cytosolic messengers besides Ca21 are
Seattle, Washington 98195 thought to stimulate exocytosis (Lindau and Gomperts,
‡Abteilung Molekulare Zellforschung 1991) or to sensitize the exocytic machinery to Ca21
Max-Planck-Institut fu¨r Medizinische Forschung (Neher, 1988). Do gonadotrophs use similar mecha-
Jahnstrasse 29 nisms? Indeed, biochemical studies on cell populations
69120 Heidelberg have shown that activation of protein kinase C (PKC)
Federal Republic of Germany stimulates secretion at the low [Ca21]i levels found in
resting gonadotrophs (van der Merwe et al., 1989). Some
authors have postulated that PKC sensitizes the exo-
Summary cytic machinery to Ca21 (Jobin et al., 1995), while others
have reported that the stimulatory effects of Ca21 and
Exocytosis and the cell-averaged cytosolic [Ca21], PKC are independent (van der Merwe et al., 1990).
[Ca21]i, were tracked in single gonadotrophs. Cells re- To test these and other hypotheses, we determined
leased 100 granules/s at 1 mM 5 [Ca21]i when gonado- the Ca21 dependence of exocytosis and asked whether
tropin-releasing hormone (GnRH) activated IP3-medi- it was changed by GnRH. In resting gonadotrophs, it
ated Ca21 release from internal stores, but only 1 differed little from that observed in melanotrophs and
granule/s when [Ca21]i was raised uniformly to 1 mM chromaffin cells. Even in GnRH-stimulated cells, how-
by other means. Strong exocytosis was then seen only ever, we found no indications that either PKC or messen-
at higher [Ca21]i (half-maximal at 16 mM). Parallel sec- gers other than Ca21 had an immediate influence on
ond messengers did not contribute to GnRH-induced exocytosis. Instead, GnRH appears to trigger rapid exo-
exocytosis, because IP3 alone was as effective as cytosis by stimulating Ca21 release that raises [Ca21]
GnRH, and because even GnRH failed to trigger rapid locally to high levels near exocytic sites. Future studies
exocytosis when the [Ca21]i rise was blunted by EGTA. may reveal similarly local release in neurons with abun-
When [Ca21]i was released from stores, exocytosis de- dant IP3-sensitive Ca21 stores.
pended on [Ca21]i rising rapidly, as if governed by Ca21
flux into the cytosol. We suggest that IP3 releases
ResultsCa21 selectively from subsurface cisternae, raising
[Ca21] near exocytic sites 5-foldabove the cell average.
GnRH Triggers Vigorous Exocytosis
at Micromolar [Ca21]iIntroduction
We identified single gonadotrophs with the reverse he-
molytic plaque assay and monitored their cell-surfaceExocytosis in electrically excitable cells is generally trig-
area by measuring the electrical capacitance (Cm) of thegered by Ca21 entry through voltage-gated Ca21 chan-
plasma membrane. The cell-averaged cytosolic [Ca21],nels. Ca21 channels are thought to act locally, causing
[Ca21]i, was determined by ratiometric fluorimetry usingonly moderate [Ca21] elevations in most of the cytosol
the indicator dye indo-1. Stimulation with GnRH causedwhile raising [Ca21] to high levels beneath the plas-
[Ca21]i to oscillate in waves, each causing a rise in Cmmalemma. Not surprisingly, measurements in single
as exocytosis of secretory granules increased the cellcells have shown that the final Ca21-triggered step in
surface area. Figure 1 samples the variety of responsesexocytosis requires relatively high [Ca21] levels. Half-
observed in virgin cells stimulated for the first time sev-maximal rates of exocytosis require 30 mM in melano-
eral days after their identification in a hemolytic plaque.trophs (Thomas et al., 1993b), 50 mM in chromaffin cells
Throughout, the membrane potential was so negativeand 200 mM in synaptic terminals of retinal bipolar cells
(270 mV) that voltage-gated Ca21 channels remained(Heidelberger et al., 1994). Among excitable cells, pitu-
shut (Tse and Hille, 1993) and [Ca21]i rose predominantlyitary gonadotrophs seem to be an exception. Although
or entirely owing to IP3-mediated release from internalthey have functional voltage-gated Ca21 channels (Tse
stores. Traces from three cells are shown on the left,and Hille, 1993), Ca21 entry through them has no direct
with their initial portions magnified on the right.role in exocytosis at physiological external [Ca21] (Tse
In the cell of Figures 1A and 1B, the first Ca21 waveet al., 1993). Instead, stimulation with gonadotropin-
was smaller than the second, and in such cases the firstreleasing hormone (GnRH) causes cytosolic [Ca21] to
exocytic response was also never the largest. In cellsrise and fall in a series of waves due to the repeated
where the first Ca21 wave was as large or larger thanrelease of Ca21 from an inositol 1,4,5-trisphosphate (IP3)-
those that followed, the first Cm increase was alwayssensitive store (for reviews, see Hille et al., 1995; Stojil-
kovic and Catt, 1995). Although Ca21 waves briefly raise the largest (Figures 1C and 1D). Also, the Cm increase
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and diminishes during later waves as if cells temporarily
ran out of readily releasable granules. Full exocytic ca-
pacity returns within about 2 min (data not shown). If
the pool of such granules is estimated as the combined
rises in Cm during the first two Ca21 waves, it adds 199 6
27 fF (n 5 18), equivalent to 100 granules of 0.19 mm2
surface area (see below). To avoid complications due
to this depletion effect, we restrict all future analysis to
the first Ca21 wave in an oscillation.
Second, Cm has generally slowed or stopped its in-
crease by the time a Ca21 wave has reached its peak
(Figures 1D and 1E). Previously we attributed this to
depletion of releasable granules (Tse et al., 1993), but
other factors contribute (see below).
Third, although [Ca21]i waves peak at 1.5–4.0 mM, they
trigger exocytosis during their rising phases already at
lower [Ca21]i (vertical lines in Figures 1B, 1D, and 1F).
To relate exocytosis to [Ca21]i, third-order polynomials
were fitted to the rise in Cm (see Figures 5A and 5B for
examples), and their slopes measured as [Ca21]i swept
upward through 0.5 mM. In virgin cells, dCm/dt was 72 6
29 fF/s (mean 6 SE; n 5 8).
During subsequent exposures to GnRH, the first
[Ca21]i waves were larger and exocytosis faster. This
effect was studied in six cells. dCm/dt was 84.9 6 35
fF/s at 0.5 mM [Ca21]i during the first challenge with
GnRH, 2.3 6 0.3 times larger during a second challenge
given 2–4 min later, and 3.7 6 1.3 times larger during a
third given 2–4 min after the second. To avoid complica-
tions from this facilitation effect, analysis in this paper
was restricted to virgin cells. After multiple stimuli with
GnRH, cells usually responded as in Figures 1C and 1D.
Figure 1. Exo- and Endocytosis during Applications of GnRH to
Three Different Cells Micromolar [Ca21] Supports Only Weak
Top traces, [Ca21]i measured with the Ca21 indicator indo-1; hori- Exocytosis in the Absence of GnRH
zontal bars above (A) and (C) indicate periods during which the cell Even in virgin cells, rates of GnRH-stimulated exocytosis
was stimulated by ejecting GnRH (40 nM) from a micropipette placed
at submicromolar [Ca21]i are much larger than whenwithin 50 mM of the cell. In (E) and (F), a different perfusion system
[Ca21]i is raised by diffusion from a micropipette in mela-was used, and the time of arrival of GnRH (40 nM) is not precisely
notrophs and chromaffin cells (Thomas et al., 1990; Au-known. GnRH is estimated to have reached the cell shortly before
[Ca21]i rose andto have remained present throughout. Bottom traces gustine and Neher, 1992; Lee, 1996). To test whether
track the cell surface area by measuring Cm; 10 fF corresponds to the exocytic machinery is genuinely more sensitive than
1 mm2. Recording pipette filled with 120 mM K-aspartate, 20 mM in other endocrine cells, we raised [Ca21]i by letting Ca–KCl, 2 mM MgCl2, 0.1 mM Na–GTP, 2 mM Na–ATP, 10 mM K-HEPES EGTA or Ca–HEDTA mixtures diffuse from the micropi-(pH 7.4), and 0.1 mM indo-1 (see Experimental Procedures). (B), (D),
pette into the cytosol. The method is expected to raiseand (F) show the recordings in (A), (C), and (E) at a faster time base;
[Ca21] slowly but uniformly throughout the cell. Figurevertical tick marks within traces mark the time at which [Ca21]i rose
to 0.5 mM. Recordings start 230 s (A), 490 s (C), and 180 s (E) after 2A shows [Ca21]i and Cm during the first 80 s after patch
patch break. break, when the interior of a glass micropipette became
continuous with the cytosol. After 5 s, enough indicator
dye had entered to measure [Ca21]i, and [Ca21]i hadwas then usually transient, suggesting endocytosis.
With Ca21 waves beyond 2.5 mM, endocytosis was al- become stable. Unlike in Figures 1B, 1D, and 1F, no
exocytosis was seen at 0.6 mM [Ca21]i. At 2 mM [Ca21]i,ways observed, although rates and time of onset varied.
Most cells responded as in Figures 1A and 1B or Figures Cm did increase, indicating exocytosis (Figure 2B), but
the increase was much slower than the peak release1C and 1D, with both patterns about equally common
in virgin cells. A relatively rare response is shown in rates observed in GnRH-stimulated cells. While Ca21
can clearly stimulate exocytosis when applied throughFigures 1E and 1F, where rapid endocytosis retrieved
more membrane than was added during exocytosis. micropipettes, it seems vastly less effective than when
GnRHinduces IP3-mediatedrelease from internalstores.Such excess endocytosis has been reported in other
endocrine cells (Heinemann et al., 1994; Thomas et al., Since the first Cm measurement in a cell is sometimes
not obtained until 1 s after patch break, a rapid burst1994; Artalejo et al., 1995).
Despite the variability of responses, three generaliza- of exocytosis may have been missed before the begin-
ning of the traces in Figures 2A and 2B, and may havetions may be made (Tse et al., 1993). First, the Cm in-
crease is largest during the first or second Ca21 wave depleted the store of releasable granules. Alternatively,
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Ca21 Dependence of Exocytosis
To test whether higher [Ca21] can stimulate more rapid
exocytosis in the absence of GnRH, cells were loaded
with almost saturated Ca21-DM-nitrophen, and [Ca21]
was raised by ultraviolet (UV) flashes (upward arrows in
Figure 3)). After rising from about 50 nM to >50 mM,
[Ca21]i declined (time constant 3.8 s in Figure 3A, mean
1.4 6 0.1 s; n 5 16). A similarly fast decline of [Ca21]i
is seen after influx through voltage-gated Ca channels
raises [Ca21]i to >0.5 mM and is due mostly to uptake
into internal organelles (time constant 1.4 s; Tse et al.,
1994).
Figure 3 shows that at sufficient concentrations, Ca21
can trigger strong exocytosis even without GnRH. As in
similar experiments on melanotrophs (Thomas et al.,
1993a, 1993b) and chromaffin cells (Neher and Zucker,
1993), Cm rose in three kinetic phases. A fast phase,
termed exocytic burst, added 180 fF in 100 ms in Figure
3C; then a slower phase added another 420 fF within
1 s (Figure 3B). In cells where [Ca21]i remained above
30 mM, exocytosis continued slowly for tens of seconds,
suggesting a third, ultraslow phase of secretion (Figure
3A), although in most cells, [Ca21]i quickly fell below
this value, and this slowest phase was small or absent.
Nonetheless, flash photolysis of caged Ca21 can elicit
as much exocytosis as a prolonged stimulation with
GnRH (320 fF; Tse et al., 1993).
The exocytic burst was complete in little over 100
ms. The fact that exocytosis stopped, although [Ca21]i
remained above 40 mM, suggests that a small population
of release-ready granules became depleted. On aver-
Figure 2. In Absence of GnRH, Micromolar [Ca21]i Causes Only Slow age, the exocytic burst increased the cell surface by
Exocytosis
4.7% 6 0.3% (n 5 10) when [Ca21]i rose above 10 mM.
(A and B) [Ca21]i (upper trace) was raised by letting Ca21–chelator For an average gonadotroph with a resting capacitance
buffer mixtures diffuse from the recording pipette into the cytosol.
of 5.7 pF, this corresponds to a readily releasable poolThe solutions contained 20 mM KCl, 40 mM K-aspartate, 0.1 mM
of 268 6 17fF, similar to thepool depletedduring the firstNa–GTP, 2 mM Na–ATP, 40 mM K-HEPES (pH 7.4 with KOH), and
0.2 mM indo-1. They also contained mixtures of Mg21, Ca21, and two Ca21 waves in GnRH-stimulated cells (see Figure 1).
divalent cation chelators, as follows: (A) 20 mM K-EGTA, 18 mM To see how the speed of the exocytic burst in Figure
CaCl2, 2 mM MgCl2 (calculated free [Mg21], 0.3 mM); (B) 20 mM 3C depends on [Ca21], we varied the flash strength and
K-HEDTA, 4.5 mM CaCl2, 13 mM MgCl2 (calculated [Mg21], 0.1 mM); used the fact that flashes of the same strength raisedresults with a third solution (20 mM K-HEDTA, 6 mM CaCl2, 13 mM
[Ca21]i to different levels in different cells. While theMgCl2; measured [Ca21], 4 mM; calculated [Mg21], 0.15 mM) are not
amplitude of the exocytic burst varied little between 11shown. Cm was measured with the capacitance-tracking feature of
an EPC-9 patch clamp, by analyzing the current transients during mM and 100 mM [Ca21]i (data not shown), the initial rate
5-mV step depolarizations superimposed on the 270 mV holding of exocytosis, dCm/dt, increased nearly 3-fold over that
potential. Abscissa gives the time after patch break; it may be in range (Figure 4, closed circles). The continuous curve
error by up to 1 s, because Cm measurements were completed at is a least-squares fit of the function expected if three
irregular intervals of up to 1 s before patch break.
Ca21 ions bind to a receptor to activate exocytosis. The(C) [Ca21]i raised by flash photolysis (arrow) of DM-nitrophen, a
exocytic rate, dCm/dt, was half maximal at around 16photolabile Ca21 chelator. Recording pipette contained 90 mM Cs-
aspartate, 20 mM tetraethylammonium-Cl, 7.5 mM DM-nitrophen, mM and saturated at 5480 fF/s. To convert the rates in
5 mM CaCl2, 0.1 mM GTP, 2 mM ATP (both as the Na1 salt), 20 mM Figure 4 into rate constants (right ordinate), we divided
Cs-HEPES (pH 7.4), and 0.2 mM indo-1 (K1 salt). them by the mean amplitude of the exocytic burst (268
fF). At high [Ca21]i, the rate constant saturated at 21/s,
the Ca21-sensing mechanism of exocytosis may adapt suggesting that a granule needs about 50 ms for exo-
to Ca21, so that rapid exocytosis occurs only when cytosis after all regulatory sites have been occupied by
[Ca21]i rises rapidly (Hsu et al., 1996). To test these possi- Ca21. Similar results were previously obtained in mela-
blilities, we measured Cm continuously with a lock-in notrophs (Thomas et al., 1993b).
amplifier while loading cells with a solution containing Figure 4 includes exocytic rates from experiments
Ca21 bound to the photolabile Ca21/Mg21 chelator, DM- with Ca21 buffers (open squares) as in Figures 2A and
nitrophen (Kaplan and Ellis-Davies, 1988). Free [Ca21] 2B. The curve fits both sets of measurements. We sug-
was kept low until [Ca21] was raised within 1 ms to 1–1.5 gest that together, the two data sets describe the Ca21-
mM by flash photolysis of the chelator (arrow in Figure dependence of exocytosis at uniform [Ca21]i in unstimu-
2C). As in Figures 2A and 2B, exocytosis was slow or lated gonadotrophs. Evidently, exocytosis is controlled
by a Ca21 receptor of moderate to low affinity, as inabsent.
Neuron
124
Figure 4. Ca21 Dependence of the Exocytic Rate
Closed circles, initial dCm/dt after flash photolysis of caged Ca21 as
in Figure 3. Data points represent two to eight measurements each;
vertical error bars indicate standard error, horizontal bars standard
deviation. The continuous curve fitted to the filled circles represents
the equation
R
exocytic rate 5
1 1 (Kd/[Ca21]i)3
where Kd 5 15.5 mM and R 5 5480 fF/s. The vertical broken line
marks the concentration where the rate is half-maximal. Open
squares from experiments as in Figures 2A and 2B. [Ca21]i and
exocytic rates are averages over an interval from 10 s to 20 s after
patch break. Each point is the average of five to nine measurements.
The point at 0.6 mM [Ca21]i is not significantly different from 0; that
at 1.2 mM is different, with p > 0.95. Closed squares represent
experiments where exocytosis was triggered by GnRH as in Figures
1B, 1D, and 1E or in Figure 5A. Exocytic rates were determined by
fitting the rising phase of Cm traces with third-order polynomials and
measuring their slopes as [Ca21]i reached 0.5, 1.0, and 1.5 mM.
melanotrophs (Thomas et al., 1993b) and chromaffin
cells (Heinemann et al., 1994).
Also plotted in Figure 4 are rates measured while
[Ca21]i swept upward during GnRH-triggered Ca21Figure 3. Exocytic Response to a Large Increase in [Ca21]i Triggered waves. Though variable, exocytic rates at 1 mM [Ca21]iby Flash Photolysis of DM-Nitrophen
were on average 100-fold higher than when [Ca21]i was(A) Time course of flash-induced changes in [Ca21]i, and accompa-
raised uniformly in the absence of GnRH. Either GnRHnying changes in Cm. Traces began >180 s after patch break; a flash
makes the exocytic machinery more sensitive to Ca21,of maximum energy was given at the upward arrow beneath the Cm
trace. An ultraslow phase of exocytosis is clearly distinct from ear- or [Ca21] near exocytic sites was about 5 mM instead of
lier, faster components. the 1 mM reported by the indicator dye.
(B) Traces in (A) on an expanded abscissa. A rapid (exocytic burst)
and slower phase of exocytosis can be distinguished. The exocytic
Does GnRH Stimulate Exocytosis throughburst ran its course even though, on the basis of previous recordings
Signals Other Than Ca21?with this method (Thomas et al., 1993b), [Ca21]i is expected to have
decayed only minimally. The lines superimposed on the [Ca21]i mea- Clearly, gonadotrophs seem to perform exocytosis at
surements (circles in [A] and [B]) are an exponential fit declining much lower [Ca21] when GnRH is present than when it is
with time constant 3.8 s and extrapolating to 53.6 mM at the time not. In this they resemble mast cells, where secretagogs
of the flash.
stimulate Ca21 release from internal stores, but where(C) Cm trace in (B) on a more strongly expanded time scale. The
the Ca21 thus released is insufficient to trigger exo-continuous line is a second-order polynomial fit to the Cm trace from
20 ms to 70 ms after the flash; its slope at 20 ms was taken as the cytosis unless a parallel signal first sensitizes the exo-
initial rate of exocytosis during the exocytic burst. To estimate the cytic machinery to Ca21 (Neher, 1988). Like secretagogs
amplitude of the burst, another second-order polynomial was fitted in mast cells, GnRH in gonadotrophs triggers a signaling
to the Cm trace from 150 ms to 350 ms post-flash, and its value at cascade that not only releases Ca21 from internal storest 5 100 ms was measured by extrapolation. In several recordings,
but also activates PKC and, possibly, other effectors.Cm rose to a peak at t 5 100–200 ms post-flash and then declined
slightly before continuing its rise; in these cases, the peak Cm was Are signals besides Ca21 required for the exocytic re-
taken as the amplitude of the fast phase. Electrical interference by sponse to GnRH?
the flash contaminated the Cm trace for up to 20 ms, hence the gap To test this idea, we avoided the use of GnRH and
in the trace. Recording pipettes contained 90 mM Cs-glutamate, 20
liberated IP3 directly through flash photolysis of cagedmM tetraethylammonium-Cl, 6.9 mM DM-nitrophen, 6 mM CaCl2,
IP3. With sufficiently strong flashes, [Ca21]i rose as high0.1 mM GTP (Na1 salt), and 20 mM Cs-HEPES (pH 7.4). [Ca21]i was
and as rapidly (Figure 5B)) as incells stimulated by GnRHmeasured with either 0.2 mM furaptra (K1 salt) as in this figure or,
more rarely, with 0.2 mM fura-2 (K1 salt). (Figure 5A). If the exocytic response to GnRH required
Ca21 Dependence of Exocytosis in Gonadotrophs
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stimulated with GnRH. One contained minimal amounts
of Ca21 chelator (Figure 5C) and responded with the
usual rapid rise in [Ca21]i, while in the other, a concen-
trated Ca–EGTA mixture blunted the rise in [Ca21]i (Fig-
ure 5D). Rates of exocytosis were determined at 0.5 mM
[Ca21]i either from the slopes of third-order polynomials
(tick marks in Figure 5C) or from the change in Cm oc-
curring while [Ca21]i remained above 0.5 mM (tick marks
in Figure 5D). When the cytosol was lightly buffered for
Ca21, there was significant exocytosis (72 6 29 fF/s, n 5
8), while in strongly buffered cells, exocytosis was weak;
the mean (1.9 6 0.42 fF/s, n 5 5) was little larger than
when Ca21 diffused through a patch pipette.
The lack of exocytosis in Figure 5D is not due to GnRH
failing to liberate IP3 or to initiate signaling. This can be
seen by comparing the rates of Ca21 release. In Figure
5C, the cell contained 100 mM indo-1, and [Ca21]i rose
from 0.09 mM to 0.75 mM in 250 ms. If the dissociation
constant (KD) is 150 nM for Ca–indo-1 (Grynkiewicz et
al., 1985, assuming effects of ionic strength and temper-
ature as for fura-2), then the rise in [Ca21]i required the
binding of 46 mM Ca21 to the chelator. A further 66 mM
was bound by endogenous buffer, which captures 100
Ca21 for each additional Ca21 that remains free in the
cytosol (Tse et al., 1994). Altogether, the [Ca21]i rise in
Figure 5C required a release of 112 mM Ca21 in 250 ms,
a rate of 0.45 mM/s. The cell in Figure 5D contained 10
Figure 5. Ca21 Is Sufficient and Necessary to Trigger the Exocytic mM added EGTA, and [Ca21]i rose from its resting value
Response to GnRH of 0.08 mM to 0.60 mM in 2 s. With KD 5 150 nM for EGTA
(A) Response triggered by GnRH as in Figures 1A and 1C; recording (pH 7.2; Grynkiewicz et al., 1985), this [Ca21]i change
starts 144 s after patch break. required a release of 4.5 mM, or 2.25 mM/s. Inasmuch
(B) Triggered by flash photolysis of caged IP3 (0.1 mM) added to the as [Ca21]i rose over a similar concentration range inpipette solutionof Figure 1. Recordings start 189s after patch break;
the two cells, and since GnRH is known to raise [Ca21]arrow marks the time of the flash. Third-order polynomials were fit
entirely by release from IP3-sensitive stores (Tse andto the rising phases of Cm traces (continuous lines). Vertical tick
marks in (A) and (B) indicate when [Ca21]i reached values of 0.5 mM Hille, 1992; Stojilkovic and Catt, 1995; Tse et al., 1994),
and 1.5 mM. Note that exocytosis is no more rapid with GnRH than one may take the rate of Ca21 release as a measure of
when [Ca21]i is raised by IP3 alone. the amount of IP3 liberated. On this basis, at least as(C and D) Influence of Ca21 buffering on GnRH-triggered responses.
much IP3 was released in Figure 5D as in Figure 5C. Yet(C), expanded from (A); 0.1 mM indo-1 was the only Ca21 chelator
exocytosis was minimal. The finding does not supportadded through the pipette. (D), as in (C), except that 10 mM K-EGTA
a direct, Ca21-sensitizing effect of IP3 on the exocyticand 6 mM CaCl2 were added. Vertical tick marks indicate times
where [Ca21]i 5 0.5 mM. Note that the exocytic rate and time scale machinery.
were much slower in (D), even though GnRH was present and proba- The results obtained so far may be summarized. When
bly generated at least as much IP3 as in (C) (see text). stimulated by the physiologic agonist GnRH, gonado-
trophs increase their membrane capacitance at about
187 fF/s at 1 mM cell-averaged [Ca21], corresponding to
signals in addition to Ca21, then the [Ca21]i rise in Figure a release of about 100 granules/s. But when [Ca21] is
5B should cause only the minimal exocytosis seen when raised uniformly, either by diffusion from the patch pi-
2–3 mM [Ca21]i was applied through a micropipette. In- pette or by release from a photolabile chelator, 5-fold
stead, exocytosis was as vigorous as with GnRH. For a higher [Ca21] is needed to achieve comparable rates of
quantitative comparison, polynomials were fitted to the release. Messenger substances other than Ca21 almost
rising phase of Cm traces (continuous curves in Figures certainly modulate exocytosis in the long term (Stojil-
5A and 5B), and their slopes (dCm/dt, the rate of exo- kovic and Catt, 1995), but Figure 5 gives no indication
cytosis) were measured when [Ca21]i reached 1 mM. In that this applies also in the short term. Hence, additional
cells where [Ca21]i rose from 0.5 mM to 1.5 mM in 100–300 non-Ca21 messengers cannot explain why GnRH nor-
ms, the exocytic rate was 252 6 98 fF/s (n 5 7) with IP3 mally stimulates vigorous exocytosis at micromolar
alone and 187 6 74 fF/s (n 5 10) with IP3 generated [Ca21]i.
through the action of GnRH. The values are identical
within experimental error. Therefore, among the multiple Do Local [Ca21] Gradients Control Exocytosis?
signaling pathways initiated by GnRH, only the liberation A similar situation is found in presynaptic nerve termi-
of IP3 and the ensuing rise in [Ca21]i are of immediate nals, where the elevation of cell-averaged [Ca21]i out-
importance for exocytosis. lasts transmitter release (Llina´s and Nicholson, 1975;
Is IP3 itself the agent that sensitizes the exocytic ma- Charlton et al., 1982; Augustine et al., 1985) and is insuffi-
cient in amplitude to explain the high rates of releasechinery to Ca21? Figures 5C and 5D compare two cells
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Figure 6. Exocytosis Depends on the Rate at
Which [Ca21]i Rises
(A and B) Responses when [Ca21]i is raised
by flash photolysis of IP3; a weak flash (A) and
a stronger flash (B) were given at the arrows.
Tick marks indicate times at which [Ca21]i
rose to 0.5 and 1.5 mM, respectively. Note
failure of exocytosis while [Ca21]i rises slowly.
Composition of recording solution as in Fig-
ure 5B.
(C) From experiments as in (A) and (B). The
exocytic rate was determined by fitting a
third-order polynomial to the Cm trace and
measuring its slopeat the time [Ca21] reached
1.0 mM. It was plotted against the rate of the
[Ca21]i change (abscissa). d[Ca21]/dt was the
average over the interval between the tick
marks in traces as in (A) or (B). Filled circles
from experiments as in (A) and (B); the open
circle was obtained under indentical condi-
tions, except that external Ca21 was replaced
by Mg21, and 1 mM Na-EGTA was added.
Square, from responses triggered with GnRH
as in Figure 1. Vertical error bars give stan-
dard error, horizontal bars the standard devi-
ation. The horizontal broken line and the dia-
mond mark the exocytic rate in experiments
as in Figures 2A and 2B, determined by inter-
polation from Figure 4.
(Regehr et al., 1994; Wu and Saggau, 1994). Instead, Figure 6A, a weak flash supplied moderate amounts of
IP3, and [Ca21]i rose slowly. Essentially no exoyctosisflux through voltage-gated Ca21 channels sets up [Ca21]i
gradients both in nerve terminals (Roberts et al., 1990; was observed while [Ca21]i remained <1.5 mM (see tick
marks); significant exocytosis occurred only at higherLlina´s et al., 1992) and chromaffin cells (Chow et al.,
1994), such that [Ca21]i near exocytic sites is higher than [Ca21]i, which would have triggered exocytosis also if
supplied through a patch pipette. In Figure 6B, strongelsewhere in the cytosol. It seems possible that also in
GnRH-stimulated gonadotrophs, secretory granules at IP3-mediated release raised [Ca21]i rapidly and triggered
rapid exocytosis.exocytic sites experience a higher [Ca21] than the cell
average reported by our indicator dyes. Exocytic rates measured at 1 mM [Ca21]i were plotted
against the rate of rise of [Ca21]i (d[Ca21]i/dt) in FigureConcentration gradients dissipate rapidly (Hernan-
dez-Cruz et al., 1990) unless they are maintained by 6C. The exocytic rate at 1 mM [Ca21]i is strongly corre-
lated with d[Ca21]i/dt, growing approximately with thefluxes. Hence, any hypothesis based on locally high
[Ca21] requires that exocytosis should occur predomi- square of d[Ca21]i/dt. At the lowest d[Ca21]i/dt, the exo-
cytic rate approached the value expected when 1 mMnantly during times of net Ca21 flux into the cytosol. In
neurons, current through voltage-gated Ca21 channels [Ca21] is applied by diffusion through micropipettes (bro-
ken line). In cells where d[Ca21]i/dt is high, exocytosisprovides a direct assay for Ca21 influx; indeed, exo-
cytosis starts when voltage-gated Ca21 channels open is more than 100-fold faster. Evidently, exocytosis at 1
mM [Ca21]i is slow unless there is Ca21 flux from IP3-and stops as soon as they shut. In gonadotrophs, [Ca21]i
is raised not by voltage-gated Ca21 channels but by sensitive stores. The flux is entirely due to release from
internal stores, since similarly high exocytic rates wererelease from internal stores. The release cannot easily
be measured as an electric currrent, but it should be also seen in Ca21-free external medium (open circle).
Responses to GnRH were analyzed similarly (square),roughly proportional to the rate at which [Ca21]i rises.
Indeed, the rate of exocytosis depended strongly on and the value obtained agrees with the relationship de-
termined in experiments with caged IP3. The agreementthe rate of IP3-triggered [Ca21]i release. Figures 6A and
6B show responses from two cells where IP3 was sup- suggests that IP3-gated Ca21 flux (and the high subplas-
malemmal [Ca21] it might maintain) can fully account forplied to the cytosol by flash photolysis of caged IP3. In
(Legend for Figure 7 Continued)
(A) Unidentified pituitary cell; glutaraldehyde fixation. Membranous compartments that could be Ca21 stores marked by arrows.
(B) Rapidly frozen, unfixed gonadotroph identified by immunostaining for luteinizing hormone. Contrast is less, but subsurface cisternae
(arrowheads) are visible.
(C) Unidentified pituitary cell from the same section as in (B) also shows subsurface cisternae but no labeling.
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Figure 7. Subsurface Cisternae in Anterior Pituitary Cells
(Legend for Figure 7 Continued on Previous Page)
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the unexpectedly high exocytic rates induced by GnRH cells (Heinemann et al., 1994). As in the earlier work, the
multiple components suggest serial reactions that theat 1 mM cell-averaged [Ca21]i.
exocytic machinery must undergo before attaining full
competence for catalyzing membrane fusion. For PC-Morphologic Specializations beneath the
12 cells, Kasai et al. (1996) have suggested instead thatPlasma Membrane
slow and fast components represent dense-core gran-We have examined gonadotrophs for morphologic fea-
ules and synaptic microvesicles, two abundant organ-tures that might locally release [Ca21] near exocytic
ellescapable of Ca21-triggered exocytosis in PC-12 cellssites. Figure 7A shows a typical image of an unidentified
(Bauerfeind et al., 1993). However, in gonadotrophs,anterior pituitary cell. Membrane-bounded compart-
dense-core secretory granules are by far the most abun-ments representing tubules or sheets are seen to invade
dant secretory organelle, and few if any other secretorythe spaces between secretory granules, and many are
organelles appear near the plasma membrane (Figureseen within one or two granule diameters of the plas-
7). Hence, it is reasonable to attribute the kinetic compo-malemma.
nents seen here to dense-core granules.To learn whether similar structures occur in gonado-
The fastest kinetic component or the exocytic bursttrophs, we viewed quickly frozen unfixed tissue. After
reflects those granules that have reached the last stableembedding, sections were incubated with an antibody
station on the exocytic pathway. Its steep dependenceagainst luteinizing hormone (LH) and were stained with
on [Ca21]i suggests that at least three Ca21 ions area secondary antibody conjugated to gold beads. About
required for this final Ca21-triggered step. Exocytic rates1 in 100 pituitary cells were found to label with gold
are half maximal at [Ca21]i 5 16 mM, indicating a receptor(Figure 7B). The label, visible as black dots, is found in
of moderate to low affinity. In a typical gonadotroph ofmost secretory granules and hence identifies this cell
570 mm2 surface area (5.7 pF initial capacitance), 140as a gonadotroph. To demonstrate the specificity of
granules participate in the exocytic burst, adding a totallabeling, Figure 7C shows an unidentified pituitary cell
of 270 fF capacitance.from the same section as Figure 7B. No gold beads
At sufficient concentrations, Ca21-stimulated exo-were associated with its granules. Contrast in unfixed
cytosis was as large in extent as (e.g., Figure 3A) andsections is low, since metal stain is supplied only after
faster than (Figure 4) exocytosis triggered by a minute-embedding and only to their surface. Nonetheless, ex-
long application of GnRH. Clearly, Ca21 alone can stimu-tensive subsurface cisternae were seen in about half
late maximal exocytosis. It did so despite the expecta-the sections from gonadotrophs. When visible, they en-
tion that most cytosolic ATP had escaped into thecircled one third to one half the cytoplasm. The cell in
recording pipette, and that the DM-nitrophen had forcedFigure 7C also shows subsurface cisternae. Compared
[Mg21] to <10 nM. Under theseconditions, bothcytosolicwith the cell shown in Figure 7A, the cells in Figures
[Mg21] and [ATP] are too low to support ATPases,7B and 7C have a round and smooth surface, and the
such as N-ethylmaleimide-sensitive factor (NSF) (Wilsoncisternae have more volume.
et al., 1992) and phosphatidylinositol-4-phosphate-We also measured the diameter of 200 granule pro-
5-kinase (Hay et al., 1995), that are required for sustainedfiles. The histogram showed two size classes (data not
exocytosis (half-maximal exocytosis at [Mg–ATP] 5 1.5shown), as reported previously (Luborsky-Moore et al.,
mM; van der Merwe et al., 1989).1978). There were small very dense granules and larger
granules of lesser density; both stained with immuno-
gold (Figure 7B). For the smaller size class, profile diam- GnRH Stimulates Vigorous Exocytosis
eters were approximally normally distributed; the histo- at Seemingly Micromolar [Ca21]i
gram showed a peak at about 160 nm. When corrected The cell-averaged [Ca21] during GnRH-stimulated Ca21
for random sectioning (Parsons et al., 1995), this corre- waves rarely rises above 3 mM, and by the time it does,
sponds to a diameter of 190 nm and a surface of 0.12 exocytosis has already slowed (Figure 1B) or stopped
mm2.The larger size class showed a broader and skewed (Figures 1D and 1F). The highest exocytic rates are seen
distribution with profile diameters up to 450 mm. The while [Ca21]i sweeps upward through the 1.0–1.5 mMmean of all granule profiles, small and large, was 202 range. The average is then about 187 fF/s at 1 mM [Ca21]inm, or 250 nm aftercorrection for sectioning. This corre- in cells that have rested for at least 48 hr, and increases
sponds toa mean granule surface of 0.19 mm2, expected severalfold during subsequent challenges with GnRH.
to have a capacitance of 1.9 fF. Similarly high exocytic rates are also seen when IP3 is
applied by flash photolysis and in the absence of GnRH.
Cells maintain such high exocytic rates only briefly; in-Discussion
deed, most exocytosis occurs during the first one or
twoCa21 waves. The numberof granulesreleased duringCa21 Triggers Exocytosis, but High
Concentrations Are Required the first two Ca21 waves (200 fF, or about 100 granules)
is similar to that released during the exocytic burst inThis work confirms previous findings in permeabilized
(van der Merwe et al., 1989) and single cells (Tse et al., response to flash photolysis of caged Ca21.
By contrast, the exocytic rate is less than 1.5 fF/s1993) that cytosolic Ca21 alone can stimulate vigorous
exocytosis in gonadotrophs. In addition, we show that when [Ca21]i is raised to 1 mM by diffusion from a re-
cording pipette. Why is exocytosis 100-fold faster whenthe exocytic response to a rapid rise in [Ca21]i shows
kinetic components similar to those previously seen in IP3 causes Ca21 release? Three hypotheses for this Ca21
discrepancy are explored below.melanotrophs (Thomas et al., 1993b) and chromaffin
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Besides Elevating [Ca21]i, GnRH Activates PKC. must postulate that EGTA inhibits the generation of the
Does the Kinase Sensitize the Exocytic messenger or its interaction with downstream effectors.
Machinery to Ca21? Is the Exocytic Machinery Controlled Not Only
This mechanism was proposed to explain why a rise in by [Ca21]i but Also by How Fast [Ca21]i Rises?
[Ca21]i is more effective when GnRH stimulates intact This was recently reported for transmitter release at the
cells than when Ca21 is applied to permeabilized cells squid giant synapse (Hsu et al., 1996). However, when
(Jobin et al., 1995). Indeed, GnRH does activate PKC flash photolysis of DM-nitrophen raised [Ca21]i beyond
(reviewed by Stojilkovic and Catt, 1995). PKC is held 1 mM (Figure 2C), it is expected to have done so within
responsible for the increase in secretion brought by each the duration of our 1 ms flash (McCray et al., 1992).
repeated challenge with GnRH (Turgeon and Waring, No significant exocytosis was seen, even though the
1986) and is reported to stimulate secretion even when expected rate of d[Ca21]/dt >1000 mM/s was faster than
[Ca21]i remains at basal levels (van der Merwe et al., any produced by GnRH or IP3. Therefore, this hypothesis
1989). In chromaffin cells, activation of PKC can increase appears unlikely, as do the other hypotheses discussed
what has been called the readily releasable pool of chro- above.
maffin granules (Vitale et al., 1995) in seconds (Gillis et
al., 1996).
We do not question that PKC can stimulate secretion [Ca21] Near Exocytic Sites Higher Than
in gonadotrophs nor that it modulates the exocytic re- the Cytosolic Average
sponse to Ca21. However, the hypothesis cannot explain An alternative is to recall that our Ca21 indicators mea-
the Ca21 discrepancy studied here, as this discrepancy sure the cell-averaged [Ca21], and not the [Ca21] near
is just as large when GnRH is missing and [Ca21]i is exocytic sites. We now explore thehypothesis that inter-
raised by flash photolysis of caged IP3. In this case, nal stores release Ca21 specifically near exocytic sites,
PKC would be activated only as a consequence of the raising [Ca21] there higher than in the remainder of the
raised [Ca21]i. While such activation may augment exo- cell. To explain the Ca21 discrepancy, we require that
cytosis during the second and subsequent Ca21 waves, the local [Ca21]i during a GnRH-triggered Ca21 wave be
it would come too late to stimulate exocytosis during the about 5 mM, while our Ca21 indicator reports 1 mM.
upstroke of the first Ca21 wave. What other messenger Owing to the third-power relationship between [Ca21]i
could act synergistically with Ca21? and exocytosis, this moderate difference in [Ca21] trans-
Does IP3 Sensitize the Exocytic Machinery to Ca21 lates into a 100-fold difference in exocytic rate. The
in Addition to Releasing Ca21 from Stores? postulated [Ca21] gradient is similar in amplitude to that
Two of our findings support this idea: first, the Ca21 inferred for chromaffin cells and would not require the
discrepancy was never observed in the absence of IP3, nanometer colocalization of Ca21 channels and exocytic
and second, exocytosis at 1 mM cell-averaged [Ca21] in sites postulated for neurons (Chow et al., 1994).
Figure 6 is proportional to the rate of Ca21 release, which Two findings support our hypothesis. First, Ca21 im-
is likely to be proportional to cytosolic [IP3]. aging studies at video rate (Rawlings et al., 1991) have
While the literature contains no evidence that IP3 stim- shown that GnRH-triggered Ca21 release occurs at first
ulates exocytosis, two published findings do indicate
selectively beneath the plasma membrane. Second, the
a role for polyphosphoinositides in exocytosis. First,
rate of exocytosis in IP3-stimulated cells dependsexocytosis of dense-core granules requires enzymes
steeply on d[Ca21]i/dt. This is predicted because Ca21that form polyphosphoinositides (Hay et al., 1995). Sec-
gradients dissipate rapidly in small cells such as go-ond, synaptotagmin, a protein required for regulated
nadotrophs (probably in 30–40 ms in a cell of 10–15 mmexocytosis (Broadie et al., 1994; Geppert et al., 1994;
diameter; Hernandez-Cruz et al., 1990). They can existLittleton et al, 1994), binds polyphosphoinositides in a
only while they are maintained by flux, estimated hereCa21-dependent way (Fukuda et al.,1994), and this prop-
as proportional to the time derivative of [Ca21]i. Theerty may mediate its role in regulating exocytosis (Schi-
hypothesis also explains why secretion diminishes oravo et al., in press). However, both findings suggest that
stops when release stops and a Ca21 wave reaches itshigh order inositolpolyphosphates should inhibit rather
peak (Figures 1D and 1E), although depletion of releas-than facilitate exocytosis, because they would compete
able granules will also tend to contribute to this result.with polyphosphoinositides at the active sites of en-
A Ca21 discrepancy exists also between Figures 5Czymes or of synaptotagmin. Indeed, IP4 and IP5 inhibit
and 5D, despite vigorous Ca21 release in both cases.transmitter release at the synapse, whereas IP3 is inef-
Because the exocytic rate was 38-fold higher in Figurefective (Llina´s et al., 1994).
5C than in Figure 5D and because it grows with the thirdAnother difficulty with the IP3 hypothesis is shown in
power of [Ca21]i, we may infer that the local [Ca21] wasFigures 5C and 5D, where exocytosis at 0.5 mM [Ca21]i
3-fold higher in Figure 5C than in 5D. To explain thefailed despite normal IP3 liberation. Future work should
difference, we assume that the Ca21 store lies at somemore directly test for IP3 effects on exocytosis. At this
distance from the plasmalemma, e.g., 500 nm, as do thetime, however, the balance of the evidence argues
subsurface cisternae in Figure 7. The region of elevatedagainst a stimulatory effect.
[Ca21] must extend over that distance to reach the exo-Figures 5C and 5D also argue against a need for the
cytic sites. Added EGTA is expected to sharpen thesynergistic action of other, unknown messengers. Al-
spatial [Ca21] gradient (Roberts, 1994; Nowycky andthough GnRH induced massive Ca21 release and hence
Pinter, 1993), thereby constricting the region in whichsuccessfully initiated signaling in Figure 5D, it failed to
[Ca21] is higher than the cytosolic average. Robertsstimulate significant exocytosis. To maintain that mes-
sengers other than Ca21 directly affect exocytosis, one (1994) has calculated [Ca21] at various distances from
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the Ca21 source, first with no free buffer and then with IP3-induced exocytosis appears fastest while [Ca21]i is
rising. The result has been attributed to preferential re-[free buffer] 5 2 mM just before Ca21 channels open. At
a distance of 500 nm from the Ca21 source, he calculates lease near exocytic sites (Lee, 1996).
Localized Ca21 release from IP3-sensitive stores oc-350-fold less [Ca21] with buffer than without. While the
calculation may not mimic the situation in Figures 5C curs also at the apical pole of pancreatic acinar cells
(Kasai and Augustine, 1990) while it triggers exocytosisand 5D in all aspects, adding buffer will clearly depress
[Ca21] at exocytic sites located some distance from the there. Where cells control secretion by IP3-mediated
Ca21 release, they may have evolved mechanism to re-Ca21 source. Hence, Ca21 release from the same store
will cause exocytosis in Figure 5C but not in Figure 5D. lease Ca21 preferentially beneath the cell surface in or-
der to spare the rest of the cytosol. SubplasmalemmalWhat is the morphologic basis for nonuniform Ca21
release? In many secretory cells, secretory granules Ca21 stores would be well suited for this purpose. When
releasing Ca21, they would also have a geometric advan-contain large amounts of Ca21, and it has been sug-
gested that they release it in response to IP3 (Yoo and tage over stores deeper within the cell when signaling
their depletion to Ca21 release–activated Ca21 channelsAlbanesi, 1990; Blondel et al., 1994; Gerasimenko et al.,
1996). Docked granules may trigger theirown exocytosis in the plasma membrane.
by releasing their Ca21. Whether or not pituitary granules
release Ca21 in response to IP3 is unknown. An alterna- Experimental Procedures
tive was already discussed, namely, that Ca21 is re-
leased from membranous sacs or cisternae close to the Single gonadotrophs were isolated from male 5-week-old Sprague–
Dawley rats and identified with the reverse hemolytic plaque assayplasma membrane. Plasma membrane-associated IP3-
(Tse and Hille, 1992; Tse et al., 1994) using antibodies against LHsensitive Ca21 stores have been inferred from fraction-
kindly provided by Dr. D. Leong and J. D. Neil. Cells were used 2–4ation studies in hepatocytes (Rossier et al., 1991) and
days after identification. Experiments were done at 20–248C in aneonatal pancreatic beta cells (Dunlop and Larkins,
bath solution containing: 130 mM NaCl, 8 mM glucose, 2 mM CaCl2,
1988). Membranous compartments bearing IP3 recep- 10 mM HEPES (pH 7.4 with NaOH), as well as 0.5 mM tetrodotoxin
tors have beenobserved within 0.5–1.0 mm of theplasma and 20 mM tetraethylammonium-Cl to block voltage-gated Na1 and
K1 channels, respectively, and 0.5 mM apamin to block Ca21-acti-membrane in cerebellar Purkinje cells (Ross et al., 1989).
vated K1 channels (Tse and Hille, 1992). Values are given as meansSubsurface cisternae are seen also in gonadotrophs and
6 SEM. GnRH was obtained from Peninsula, and DM-nitrophen andother pituitary cells (Figure 7) and may be Ca21 stores.
caged IP3 from Calbiochem.In gonadotrophs, they do not cover all of the plas-
Throughout, we recorded from cells with patch micropipettes in
malemma, and this may explain why subplasmalemmal the whole-cell mode; solutions filling the recording pipettes are de-
release of Ca21 does not occur everywhere beneath the scribed in the figure legends. The plasma membrane potential was
held at 270 mV after a correction for a 210 mV junction potential.cell surface (Rawlings et al., 1991).
The cell-surface area was monitored in real time by measuring theIn pituitary cells, membranous sacs or cisternae are
membrane capacitance, Cm. Unless indicated otherwise, an 800-Hzseen not only beneath the plasma membrane but
sinusoid of 30 mV peak-to-peak amplitude was added to the holdingthroughout most of the cytoplasm. The same is true for
potential, and changes in Cm were measured with a two-phase lock-
secretory granules. To explain preferential release near in amplifier (Thomas et al., 1990; Tse et al., 1993). For comparison
exocytic sites, one must assume that Ca21 is released of cells of different sizes, capacitance changes were divided by the
initial capacitance of each cell and then multiplied by 5.7 pF. Hence,preferentially from those cisternae or granules closest to
the average values given apply to a typical gonadotroph of 5.7 pFthe plasma membrane. This may occur because GnRHis
initial capacitance.expected to liberate IP3 only from theplasma membrane,
Throughout, we measured the fluorescence of Ca21 indicator dyesand hence stores close to the plasma membrane will be
and calculated [Ca21]i from the fluorescence ratio, R (short wave/
preferentially stimulated. Surprisingly, however, strong long wave), by the equation [Ca21]i 5 K*(R 2 Rmin)/(Rmax 2 R) (Grynkie-
and apparently flux-dependent exocytosis at micromo- wicz et al., 1985; Thomas et al., 1990). For indo-1, the calibration
constants Rmin, Rmax, and K* were determined as described (Tse etlar [Ca21] is seen also after presumably uniform release
al., 1993, 1994); they were 0.47, 5.22, and 2.89 mM, respectively. Inof IP3 by flash photolysis of an inactive precursor. Possi-
experiments using DM-nitrophen, [Ca21]i measurements were donebly only the most peripheral membranous compart-
with indo-1, fura-2, or furaptra (Thomas et al., 1993b). For indo-1ments store Ca21 or release it in response to IP3. and fura-2, Rmin was measured in gonadotrophs loaded with 45 mM
ethyleneglycol-bis(b-aminoethyl ether) N,N,N9,N9-tetraacetic acid
Possible Subplasmalemmal Ca21 Release (EGTA), 45 mM K-glutamate or aspartate, 10 mM DM-nitrophen, 0.2
in Other Cells mM dye, 45 mM HEPES (pH 7.4 with KOH). Rmax was obtained from
cells loaded with 85 mM K-glutamate or aspartate, 25 mM CaCl2,Ca21 discrepancies have been observed before. In par-
10 mM DM-nitrophen, O.2 mM dye, 38 mM HEPES (pH 7.4 withotid acinar cells, stimulation with a muscarinic agonist
KOH). K* was calculated from the fluorescence ratio measured inliberates IP3 and hyperpolarizes the plasma membrane cells loaded with a solution of known [Ca21]: 60 mM K-glutamate
by opening Ca21-activated K1 channels. The hyperpolar- or aspartate, 20 mM EGTA, 15 mM CaCl2, 0.2 mM dye, 50 mM HEPES
ization precedes the rise in [Ca21]i reported by fura-2 (pH 7.4 with KOH). [Ca21] of this solution was calculated as 212 nM
even when external Ca21 is lacking and the rise is due (Blinks et al., 1982). Rmin, Rmax, and K* for indo-1 were 0.39, 4.80, and
2.32 mM before and after a flash. For fura-2, Rmin and Rmax were 0.186entirely to release from internal stores. The discrepancy
and 3.06 before and 0.19 and 2.75 after a maximal flash. K* waswas attributed to local Ca21 release from subplasmalem-
3.33 mM before the flash and, on the basis of the changed valuesmal stores (Foskett et al., 1989). In melanotrophs, Ca21
for Rmin and Rmax, assumed to be 4.43 mM after the flash.appears to stimulate exocytosis more effectively when For furaptra-2, Rmin was individually measured for each cell as the
it is released from IP3-sensitive stores than when it en- average of 30 measurements taken immediately before the flash. In
ters the cell through a recording pipette. As in the pres- all of four cells containing fura-2, [Ca21]i was <100 nM before a flash,
insignificantly different from zero for an indicator with the low affinityent work, the effect may be flux-dependent, because
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of furaptra. Rmax was obtained as for fura-2. The ratio used to deter- Measurements of Ca21 concentrations in living cells. Prog. Biophys.
Mol. Biol. 40, 1–114.mine K* was obtained in cells loaded with 70 mM diglycolic acid,
15 mM K-glutamate, 10 mM CaCl2, 0.2 mM furaptra, 50 mM HEPES Blondel, O., Moody, M.M., Depaoli, A.M., Sharp, A.H., Ross, C.A.,
(pH 7.4 with KOH). In this solution, [Ca21] 5 38.4 mM (measured with Swift, H., and Bell, G.I. (1994). Localization of inositol trisphosphate
a Ca21 electrode). Rmin ranged from 0.14 to 0.18 in different cells receptor subtype 3 to insulin and somotostatin secretory granules
and was not assumed to be changed by a flash. Rmax was 5.42, both and regulation of expression in islets and insulinoma cells. Proc.
before and after a flash. K* ranged from 535 mM to 604 mM before Natl. Acad. Sci. USA 91, 7777–7781.
a flash, and was assumed to be 600 mM to 687 mM after a maximal
Broadie, K., Bellen, H.J., DiAntonio, A., Littleton, J.T., and Schwarz,flash.
T.L. (1994). Absence of synaptotagmin disrupts exitation–secretionWhen the DM-nitrophen in the pipette entered the cell and en-
coupling during synaptic transmission. Proc. Natl. Acad. Sci. USAcountered the Mg21 within, [Ca21]i rose transiently as the Mg21 dis- 91, 10727–10731.placed Ca21 from the chelator (Neher and Zucker, 1993; Thomas et
Charlton, M.P., Smith, S.J., and Zucker, R.S. (1982). Role of presyn-al., 1993). Within 2 min, [Ca21]i had stabilized at 53 6 14 nM (four
aptic calcium ions and channels in synaptic facilitation and depres-cells loaded with fura-2), slightly lower than in a resting gonadotroph
sion at the squid giant synapse. J. Physiol. (Lond.) 323, 173–193.with 0.1 mM indo-1 as the only chelator (see legend of Figure 1).
All data shown here were collected >180 s after the pipette con- Chow, R.H., Klingauf, J., and Neher, E. (1994). Time course of Ca21
nected with the cytosol. The UV flash was delivered to both the concentration triggering exocytosis in neuroendocrine cells. Proc.
distal 2 mm of the pipette tip and the cell, causing photolysis and Natl. Acad. Sci. USA 91, 12765–12769.
raising [Ca21] in both. Dunlop, M.E., and Larkins, R.G. (1988). GTP- and inositol 1,4,5-
Electron microscopy of glutaraldehyde-fixed specimens was triphosphate–induced release of 45Ca21 from a membrane store co-
done as describedby Griffiths et al. (1984). Chemically unfixed mate- localized with pancreatic-islet-cell plasma membrane. Biochem. J.
rial was prepared as described by Parsons et al. (1995), except that 253, 67–72.
cells were grown on sapphire coverslips of 50 mm thickness, 3 mm
Foskett, K.J., Gunther-Smith, P.J., Melvin, J.E., and Turner, J.R.diameter for improved thermal conduction. Coverslips were plunged
(1989). Physiological localization of an agonist-sensitive pool of Ca21into liquid ethane, with the coverslip hitting the ethane surface not
in parotid acinar cells. Proc. Natl. Acad. Sci. USA 86, 167–171.vertically, but slightly tilted (by 158) to improve convection at the
Fukuda, M., Aruga, J., Niinobe, M., Aimoto, S., and Mikoshiba, K.the cell-free surface. With this method, cells are frozen upward by
(1994). Inositol-1,3,4,5-tetrakisphosphate binding to C2B domain ofcontact with the coverslip. For immunostaining, 100-nm sections
IP4BP/synaptotagmin II. J. Biol. Chem. 269, 29206–29211.were placed on carbon-coated Formvar grids and incubated in
phosphate-buffered saline (PBS) with 10% fetal calf serum (FCS) Geppert, M., Goda, Y., Hammer, R.E., Li, C., Rosahl, T.W., Stevens,
for 10 min, rinsed four times for 10 min with PBS, and then incubated C.F., and Su¨dhof, T.C. (1994). Synaptotagmin I: a major Ca21 sensor
for 60 min in PBS with 5% FCS and a rabbit polyclonal antibody for transmitter release at a central synapse. Cell 79, 717–727.
against sheep LH (Biogenesis, Cologne, Germany; catalog number Gerasimenko, O.V., Gerasimenko, J.V., Belan, P.V., and Petersen,
5720-0104) at 100-fold dilution. Sections were then incubated for O.H. (1996). Inositol triphosphate and cyclic ADP–ribose–mediated
another 60 min in PBS containing 5% FCS and 14-nm gold beads release of Ca21 from single isolated pancreatic zymogen granules.
coated (Slot and Geuze, 1985) with protein A (Pharmacia, catalogue Cell 84, 473–480.
number 17-0770-01). For poststaining, grids were incubated 10 min
Gillis, K.D., Mo¨ßner, R., and Neher, E. (1996). Protein kinase C en-with 4% osmium tetroxide in distilled water. After air drying, the
hances exocytosis from chromaffin cells by increasing the size of thegrids were treated for 30 s with Reynolds lead citrate, washed four
readily releasable pool of secretory granules. Neuron 16, 1209–1220.times in distilled water, and dried in air.
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